OC prolonged the inspiratory time, 7'li , (fi*om 2.59 t0 2.95 s; P < 0.005), and slowed the instantaneous respiratory frequency, f, (from 10.7 to 10.1 breaths e inin--'; P < O.l)25), 1 ~1 vagal blockade produced further t prolongation of 'I-i (to 3.71 s; I' < O.OOl), and slowing of f (to 6.8 breaths -inin-1; I" < 0.001).
IE; ur *tl lerrnore, VB increased the peak tracheal pressure generated during OC, Poccl, (from 19.9 to 29.4 cmH~0; 1' < C).W 1 of impulses generated in pulmonary stretch receptors during inspiration by lung inflation (30). However, this concept ignores the fact that vagotomy eliminates impulses arising in other vagal sensory receptors that could also be involved in regulating tidal volume and respiratory frequency. Accordingly, the purpose of the present investigation was to examine in conscious dogs the influence on breathing pat tern of vagal sensory impulses other than the iInpulscs'gcllcratcd in the pulmonary stretch receptors by phasic lung-inflation.
c In an earlier study in conscious dogs an attempt was made to eliminate the stretch receptor impulses by blockin g diflercirtially the cervical vagus nerves with graded cooling (10). In the present study our approach has been to prevent incrcascd generation of nerve impulses iir the pulmonary stretch receptors during inspiration by preventing luny inflation. Accordingly, we have occluded the airway of conscious dogs at end expiration for one breath only and compared the efl'ects of this maneuver with the effects of complete vagal blockade. Traditional concepts would predict that during the occluded breath, when no lung inflation occurs, the inspiratory effort would be uninhibited by vagal sensory feedback from pulmonary stretch receptors and should prolong to the same extent as when the vagi are blocked. However, our results suggest that the traditional concept is incomplete and that tonic vagal impulses, independent of phasic lung inflation, are also involved in regulating the pattern of breathing.
METHODS
We trained four dogs (wt, 18-Z 1 kg) to stand quietly in place. During the training period (duration, 4-6 wk) they also became thoroughly familiar with the persohnel, equipment, and procedures in the laboratory. Once the dogs were trained they underwent surgical preparation that consisted of creation of a permanent tracheostomy and exteriorization in loops of skin of a short length of each cervical vagosympathetic nerve trunk (24). At least 1 month was then allowed for healing.
During the studies the dogs breathed through a cuffed endotracheal tube (inner diameter, 10 mm) inserted through the tracheostomy and attached to a pneumotachograph (Fleisch, no. 2) and differential pressure transducer (Statham, . The flow signal from this transducer was used to measure the durations of the inspiratory and expiratory phases of respiration and was integrated electrically to obtain tidal volume. Tracheal pressure was measured through a side port in the endotracheal tube with a pressure transducer (Statham, P23Db) , and the concentration of CO? in tracheal gas was measured by an infrared CO2 analyzer (Beckman, LB-Z). The output signal of all transducers was monitored with an oscilloscope and recorded by a Beckman Dynograph. Laboratory temperature was maintained constant at 19-Z 1 "C during all studies.
,1irway occlusion /mcedure.
We examined the eflect on breathing patter11 of eliminating transiently phasic pulmonary stretch receptor stimulation by occluding completely the endotracheal tube at end expiration. Thus during the subsequent inspiratory effort there was no lung inflation apart from a very slight expansion due to intrathoracic gas decompression.
During the occluded breath no flow or volume signals were generated but a subatmospheric tracheal pressure wave was generated from which the durations of the inspiratory effort and the subsequent cxpiratory phase were measured (Fig. 1) . At the onset of the second inspiratory effort the airway was opened and the dog allowed to breathe. At least 1 min was allowed between successive airway occlusion procedures.
To examine more completely the relationship between respiratory frequency and tidal volume, the efl'ects of airway occlusion were determined when tidal volume was increased by making the dogs hypercapneic. Inspired air containing 2-7 ';I CQ was administcrcd through a nonrebreathing Lloyd valve and measurements of respiratory frequency, tidal volume, and the cft+rts of airway occlusion were made beginning 8 min after the dogs reached a steady end-expiratory CQ tension.
I'rgul blockade. We blocked the cervical vagus nerves by cooling the vagal loops with copper radiators that were constructed to fit snugly around the loops and through which cold alcohol was circulated ( 10). In each dog we first determined the radiator temperature required to block the vagi completely by previously established criteria (23) and then lowered the temperature a further 2°C to ensure complete blockade. Radiator ternperature was monitored continuously with temperature probes (Yellow Springs Instrument, no. 401) and maintained constant at the desired level by means of a refrigerated circulator (Lauda, type K2R).
The radiator temperature required to produce complete vagal blockade ranged from 2 to 0°C in the four dogs.
Procedure and statistical analysis. On each day we first rnade control measurements with the vagus nerves intact. The vagi were then blocked, and 15-20 min after a new steady state was achieved, we repeated the measurements. The vagi were then rewarmed and the measurements repeated. I Since there were no significant differences between the control data obtained before and after vagal blockade, these data were pooled and compared to data obtained during vagal blockade by the paired t test.
RESULTS
Effects of aimmy occlusion. The efiects of occluding completely the airway at end expiration were studied in each of the four dogs on two separate occasions. During airway occlusion there was significant prolongation of the inspiratory efl'ort and slowing of the instantaneous respiratory frequency as compared to control values (Table  1) . Howc~~r when the vagi were blocked, the inspiratory time became significantly longer and the respiratory frequency significantly slower than during airway occlusion with intact vagi. Furthermore the peak tracheal pressure ~cnera ted during airway occlusion was greater when the Gagi wcrc blocked than when the vagi were intact. Thus when aCl1 ~ag:ll sensory stimuli were eliminated by vagal blockade, brcathing was slower and deeper than it was when only the phasic stretch receptor stimuli were eliminated by airway occlusion. khxmy occlusion during hyjIerc$micr . The diflcrenccs bctween the efl'ects of airway occlusion and of vagal blockadc were amplified considerably during hypercapnia. Vagal blockade abolished the respiratory frequency response to co, ) in agreement with previous studies (23). On the other hand, airway occlusion at each level of hypcrcapnia produced only moderate slowing of respiration and prolongation of inspiratory time (Figs. 2 and 3). Similarly, the tracheal pressure generated during airway occlusion at each level of hypercapnia was greater when the vagi wcrc blocked than when the vagi were intact (Fig. 4) Hence climination of these impulses would be expected to cause a dccpening and slowing of respiration.
There is little question that the vagus nerves exert a profound influence on the pattern of breathing in animals, but there is no direct proof that the mechanism involved depends exclusively, if at all, on the activity of pulmonary stretch receptors during inspiration. The observation that unilateral vagal blockade in con- Thus at least two distinct vagal components appear to be involved in the control of inspiration in conscious dogs. Accordingly, the concept that thevagal control of inspiratory duration and depth is a function of the discharge of pulmonary stretch receptors during lung inflation would appear to be incomplete.
In fact our results raise the possibility that impulses generated in the pulmonary stretch receptors in response to lung inflation may have little to do with terminating inspiration. This interpretation is based on the finding that airway occlusion even with the vagi blocked prolonged inspiration significantly (Table  1) . Accordingly, the increase in inspiratory time found during airway occlusion with the vagi intact could also be due to an extravagal mechanism, such as the intrinsic response of the respiratory muscles to an added load or the nonvagal respiratory reflexes (4, 8, 14) , and need not necessarily be related to the transient elimination of inhibitory stretch receptor impulses. The concept of a tonic in addition to phasic vagal influence on respiration was first suggested by Breuer and later by Hammouda and Wilson based on studies in anesthetized animals (3, 13). These workers suggested that tonic vagal information, which was unaffected by changes in the tension of the lung tissues, augmented the inhibitory influence on respiration of the phasic vagal information whose intensity varied with lung volume. Support for this concept comes from the more recent observations of Sant'Ambrogio et al. in anesthetized rabbits (27) and of Bartoli et al. in anesthetized dogs (2) . Both of these studies demonstrated that inspiratory time was longer when the vagi were blocked or cut than when breathing movements were eliminated with the vagi intact. The present study demonstrates that a tonic vagal influence is present in normal conscious dogs and also indicates that this mechanism is of considerable importance in producing the respiratory frequency response to hypercapnia (Fig. 2) . This finding is compatible with the suggestion of earlier studies in conscious dogs that the respiratory frequency response to CO2 , which is dependent upon intact vagus nerves, may not be a function of impulses arising phasically in the pulmonary stretch receptors (22, 23) . The magnitude of the influence of the tonic and of the phasic vagal information is better appreciated by examining the relationship between respiratory frequency and tidal volume (Fig. 5) . When the vagi were blocked respiratory frequency was slow and relatively fixed over a wide range of tidal volumes. Only with very large tidal volumes induced by hypercapnia was there any significant increase in respiratory frequency. When the vagi were intact respiratory frequency increased with increasing tidal volumes. However, the increase in respiratory frequency, particularly for tidal volumes ranging from 0 to 150 ',I of normal, was predominantly due to an increase in the tonic component. Only with larger degrees of lung stretch induced by high levels of hypercapnia was there a marked increase in respiratory frequency that could be attributed to phasic lung inflation.
However, it is conceivable that the magnitude of these two components (tonic and phasic) might vary if tidal volume increases were induced by a stimulus other than hypercapnia, e.g., hypoxia or exercise. The present study not only indicates that there are two vagal determinants of inspiratory duration but also supports the concept that a different vagal mechanism determines the duration of expiration. The second conclusion is based on the finding that airway occlusion with the vagi intact prolonged inspiratory time but had no consistent effect The results of these two studies in dogs are at variance with those reported by Clark and von Euler (5) in anesthetized cats in whom expiratory duration was purely a function of inspiratory duration. The discrepancies could be due to differences in species or in level of anesthesia, as will be discussed subsequently.
There are certain possible limitations to the interpretation of results obtained during an airway occlusion maneuver. First, since the analysis involves only the first breath following airway occlusion, the assumption is made that there is no effect on this breath of changes in blood gas tensions resulting from the occlusion. This assumption is likely valid when the durations of the occluded inspiratory effort and expiratory phase are short, which is the case when the vagus nerves were intact (26). However, when the vagi were blocked and the respiratory phases greatly prolonged, a possibility exists that significant hypoxemia could have developed during the expiratory phase of the occluded breath, resulting in the premature termination of expiration (Table  1) . A second possible limitation of the technique could be related to awareness by the dogs that the airway was occluded, resulting in an early voluntary termination of the inspiratory effort independent of any vagal mechanism. However, airway occlusion when the vagi were blocked did not shorten the inspiratory time, indicating that a vagal mechanism must have been responsible for the fact that inspiratory duration was shorter during airway occlusion with the vagi intact than it was during vagal blockade. Finally, it is conceivable that the subatmospheric pressure generated in the airways during the occluded breath may have stimulated tracheobronchial sensory receptors, whose afferent pathways are in the vagus nerves, resulting in early reflex termination of the inspiratory effort that might otherwise have prolonged to the same extent as when the vagi were blocked. In this case, the shape of the tracheal pressure wave generated during airway occlusion with the vagi intact should have been identical to that present during vagal blockade at least initially before a large substmospheric pressure was created.
However, examination of the tracheal pressure wave generated during airway occlusion (Fig. 1) indicates that when the vagi were blocked the rate of pressure change, beginning with the onset of the inspiratory effort, was slower than when the vagi were intact. This finding suggests that the output from the respiratory center was inherently different in the two situations. Accordingly, the results obtained with the vagi intact cannot be ascribed simply to premature termination of an inspiratory effort that was otherwise identical to that present during vagal blockade. That is, the vagal influence that was present in the absence of lung stretch appeared to exert an effect even at the onset of the inspiratory effort and not merely following development of a subatmospheric airway pressure. Thus although stimulation of vagal receptors by the airway occlusion maneuver cannot be excluded, such a mechanism cannot account for the differences in the results obtained when the vagi were intact as compared to blocked. The specific vagal sensory receptors responsible for the tonic vagal influence on respiratory frequency are not identified by the results of this study. However, there appear to be a limited number of bronchopulmonary receptors that exert an influence on breathing:
the slowly adapting pulmonary stretch receptors which have been described in dog, cat, and rabbit (30); the rapidly adapting bronchopulmonary irritant receptors which have been described in rabbits (16) ; the type J receptors which have been described in cats (21); and the capsaicin-sensitive receptors which have been described in dogs (6). The latter two receptors are apparently not involved in regulating normal respiration in healthy animals (6, 12, 21) , and hence are unlikely to be responsible for the tonic vagal influence described in this study. A more reasonable possibility is the considerable number of stretch receptors that discharge throughout expiration even at FRC. Although such receptors have been well described and may include 40-60 % of the pulmonary stretch receptors (1, 21, 25) their functional significance has not been determined and they could well be responsible for the tonic vagal influence described in this study. However, against this concept is the recent demonstration by Mustafa and Purves (17) and by Schoener and Frankel (28) that hypercapnia decreases the discharge frequency of pulmonary stretch receptors. These discharges are classically thought to exert an inhibitory influence on the medullary inspiratory neurons. Therefore, if these receptors were responsible for the tonic vagal influence on inspiratory duration, a progressive decrease in the receptor rate of discharge by increasing levels of hypercapnia should have resulted in progressive prolongation of the inspiratory time during airway occlusion such that at high levels of CO2 , the inspiratory time would approach that found during vagal blockade at the same level of hypercapnia. Instead there was a progressive decrease in the inspiratory time during airway occlusion as the level of CO2 was increased (Fig. 3) . Furthermore, although we did not measure the FRC in these studies, it seer~~s likely that it decreased as the tidal volume was increased by hypercapnia. If so, the rate of discharge from the pulmonary stretch receptors active during expiration would likely have decreased (20, 25) resulting in further prolongation of inspiration, which was not the case. A more reasonable explanation is that the impulses from pulmonary stretch receptors active during expiration delay the onset of the next inspiration.
Accordingly, a decrease in the discharge frequency of these receptors during hypercapnia, due to the direct effects of CO2 or to decreases in FRC, would allow the next inspiration to begin earlier, thus accounting for the shorter expiratory duration during hypercapnia and contributing to the increase in respiratory frequency. Thus, although tonically active pulmonary stretch receptors could contribute to the regulation of respiratory frequency by influencing the duration of expiration, it does not seem likely that these receptors could also account for a tonic vagal influence on inspiratory duration. Accordingly the possibility must be considered that the bronchopulmonary irritant receptors are responsible for the tonic vagal activity that influences inspiratory duration. The principal objection to this suggestion is the fact that these receptors have not been found to discharge regularly during normal breathing (16). However, this finding may be due to the fact that in experiments involving the recording of irritant receptor discharges, the vagus nerves are cut (15, 29) . The resulting bronchodilatation would decrease the level of excitability of the irritant receptors which could account for their apparent inactivity during quiet breathing (15). Although CO:! may not stimulate irritant receptors directly, the hyperpnea secondary to hypercapnia is associated with increased irritant receptor discharge (29) and the reflex ventilatory efl'ects of irritant receptor stimulation include tachypnea (16). Hence the possibility exists that these receptors could be in\-olved in the tonic component of vagal frequency control and in the increase of this component by hypercapnia. Finally, the possibility must be considered that impulses arising from the aortic chemoreceptors and baroreceptors could be the basis of the tonic vagal influence on breathing.
This possibility is unlikely in view of the finding that dener~-ation of these receptors does not significantly reduce the respiratory frequency response to CO2 (7).
The present results in conscious dogs differ from those ob-
